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Using an Arabidopsis microarray, we compared gene expression between germinating Brassica napus seeds and seeds in which
germination was inhibited either by polyethylene glycol (PEG) or by the abscisic acid (ABA) analog PBI429, which produces stronger and
longer lasting ABA-like effects. A total of 40 genes were induced relative to the germinating control by both treatments. Conspicuous among
these were genes associated with late seed development. We identified 36 genes that were downregulated by both PEG and PBI429.
Functions of these genes included carbohydrate metabolism, cell wall-related processes, detoxification of reactive oxygen, and triacylglycerol
breakdown. The PBI429 treatment produced an increase in endogenous ABA and increased ABA catabolism. However, PEG treatment did
not result in similar effects. The transcription factor ABI5 was consistently upregulated by both treatments and PKL was downregulated.
These results suggest a greater importance of ABA signaling and reduced importance of GA signaling in nongerminating seeds.
Crown Copyright D 2005 Published by Elsevier Inc. All rights reserved.Keywords: Seed germination; Arabidopsis thaliana; Microarray; PEG; Abscisic acid; 8V-Acetylene abscisic acidCanola (Brassica napus, B. rapa) is an important
agricultural crop worldwide. The rate of canola seed
germination and the extent of seed dormancy directly affect
seedling establishment, yield, and quality [1]. Seed germi-
nation and dormancy are complex processes and many
studies have been performed to understand how they are
affected by environmental factors and applied chemicals
[2,3]. Recently, quantitative genetics and mutation
approaches have allowed genetic characterization of seed
germination, especially in Arabidopsis thaliana [4], and
proteome analysis has also been used in studies of
Arabidopsis seed [5]. However, much remains to be
discovered about the regulation of germination and dor-
mancy at the transcriptional level.
B. napus and A. thaliana are members of the Crucifereae
and more than 86% of the protein coding sequences are
conserved between the two species [6]. Dixelius et al. have
shown that seeds can be obtained from sexual crosses0888-7543/$ - see front matter. Crown Copyright D 2005 Published by Elsevier
doi:10.1016/j.ygeno.2005.07.006
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E-mail address: Adrian.Cutler@nrc-cnrc.gc.ca (A.J. Cutler).between B. napus and A. thaliana, further demonstrating the
close taxonomic relationship between these species [7].
With the completion of sequencing of the A. thaliana
genome, commercially produced cDNA microarrays are
available [8], and the high similarity in the genomes of B.
napus and A. thaliana allows monitoring of B. napus gene
expression on a global scale using Arabidopsis cDNA
arrays. Despite the genetic similarity between Arabidopsis
and Brassica, there are clear differences between the genera
in physiological and morphological characteristics, includ-
ing plant and seed size, seed composition, and seed
dormancy. Therefore, seed studies in Arabidopsis cannot
be used as a reliable proxy for direct study of Brassica seed.
Moreover, the genetic similarities and morphological differ-
ences between these plants provide an attractive compara-
tive system for identifying genes responsible for crop plant
characteristics.
The plant hormone (+)-abscisic acid (ABA) regulates
many important processes of seed development, including
the synthesis of seed storage proteins and lipids, the
promotion of seed desiccation tolerance and dormancy,
and these functions have been confirmed by analyses of05) 718 – 730Inc. All rights reserved.
Fig. 1. Time course of B. napus seed germination under PEG-8000
treatment (1.5 Pa), under PBI429 treatment (250 AM), and on water
(Control).
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A relatively new tool for exploring ABA action is provided
by the ABA analog (T)-8V-acetylene-ABA methyl ester
(PBI429), which was designed to be resistant to the
enzymes that catabolize ABA by 8V-hydroxylation in plants
and produces ABA-like effects that are even stronger and
more longer lasting than ABA itself [10].
The physiological sequence of events that commences
with imbibition of dry seeds and ends with radicle
emergence is well documented. Water uptake occurs in
two phases, with an initial rapid influx of water into dry
seed followed by a plateau in water content. Water uptake
increases again after germination is completed as embryonic
axes elongate. Dormant, nongerminating seeds do not enter
the second phase of water uptake [11]. Upon imbibition,
quiescent dry seeds rapidly resume metabolic activity using
proteins and mRNAs already present in dry seeds [12]. The
glycolytic and oxidative pentose pathways both resume
during the initial phase of water uptake. During and
following germination, stored reserves are mobilized, cells
elongate, and cell division commences [11]. Germination is
promoted by signaling processes of which the best known is
associated with gibberellin (GA) action [11]. A recent study
using combined microarray and metabolite analyses has
revealed interactions between GA metabolism, phyto-
chrome, and low temperature in controlling gene expression
in germinating Arabidopsis seeds [13]. Dormant seeds are
also metabolically active and in some cases exhibit oxygen
consumption equal to or greater than that of germinating
seeds [14]. Recent evidence suggests that dormant seeds are
active in hormone signaling processes in addition to primary
metabolism [15]. Therefore the differences between germi-
nating and nongerminating seeds are not likely to consist of
differences only in primary metabolism but also in signaling
and regulatory processes.
In previous studies, gene expression was compared in
dormant versus nondormant Avena fatua seeds using cDNA
differential display [16]. A few sequences that were
apparently specific to the two states were identified in that
study. However, the availability of complete Arabidopsis
sequence information coupled with recent technological
advances in transcriptome analyses suggests that compar-
isons using a microarray-based approach would be much
more productive. Recently, Soeda et al. [17] used a small
cDNA array containing about 1500 elements to monitor
gene expression during Brassica oleracea seed germination
and osmopriming by polyethylene glycol (PEG) treatment.
Some genes were upregulated by germination, but not by
osmopriming, although many were upregulated by both
treatments. This study established that at least some genes
appeared specific to germination and that others were
required only for imbibition. To understand better the
metabolic and regulatory processes occurring following
seed imbibition, we performed comprehensive microarray
and expressed sequence tag (EST)-based transcriptome
analyses of germinating B. napus seeds and compared theseresults with those from seeds in which germination was
blocked.Results
Inhibition of germination in imbibed seeds of B. napus
When seeds of B. napus were soaked in water at 23-C,
they readily germinated within 24 h, similar to the result of
Schopfer and Plachy [18]. In contrast, when seeds were
imbibed in PEG solution, germination was completely
inhibited. PEG treatment has previously also been used
for osmopriming of seeds, in which they are treated with
PEG-6000 for 7 days [17]. (+)-ABA was relatively
ineffective in blocking seed germination (data not shown);
however, the ABA analog PBI429 was more effective and
less than 10% germinated after 12 h (Fig. 1). The ABA
analog (+)-8V-acetylene ABA exhibits ABA-like effects that
are stronger and more longer lasting than natural (+)-ABA
in plants [10]. The methyl ester of the racemic mixture of
this compound (PBI429) was more readily available and
therefore was used in this study to inhibit B. napus seed
germination. Thus seeds treated with PEG and PBI429 and
untreated seeds offered a comparative system to study the
gene expression dynamics associated with germination.
Validity of using Arabidopsis microarrays to monitor
B. napus gene expression
Although the B. napus whole genome sequence is not
available, the complete sequence of the A. thaliana genome
(a closely related crucifer) provides a wealth of information,
much of which is applicable directly to closely related B.
napus (e.g., [6]). To verify the high similarity between the
B. napus and the Arabidopsis genome, 12 ESTs chosen
randomly from the B. napus seed cDNA libraries were
F. Li et al. / Genomics 86 (2005) 718–730720screened for homology to Arabidopsis genes by BLASTN
searches against GenBank. All ESTs tested had over 86%
similarity to their homologs in Arabidopsis. For example,
there is an 89% identity over a 613-bp overlap between the
Arabidopsis PICKLE gene and a corresponding EST from
B. napus (data not shown). Thus there is enough homology
between B. napus and Arabidopsis to allow heterologous
hybridization of microarrays. However, in one case, there
was a significant change in expression in microarray data,
but no evidence of a change in expression was found on an
RNA gel blot (data not shown). Since B. napus has a much
larger genome size than Arabidopsis [20], this might result
from more than one gene of B. napus corresponding to an
Arabidopsis gene since the Brassica hybridization probe is
likely to be more specific than the Arabidopsis array probe.
With the heterologous hybridization of microarrays, array
probes might not, in some cases, be specific enough to
distinguish between individual genes within gene families
[8]. However, despite this caveat, the results of this study
indicated that sufficient information of physiological pro-
cesses could be obtained from the heterologous hybrid-
izations. Accordingly, we have usedArabidopsis microarrays
to monitor gene expression in Brassica. Such heterologous
hybridization has been used in a number of other studies.
For example, Girke et al. showed that such an approach
was effective for monitoring gene expression in B. napus
seeds [19] and the differential expression of genes
involved in shoot growth and development of leafy spurge,
poplar, and wild oat (with a much lower taxonomic
relatedness than members of the crucifer family) has been
monitored using an A. thaliana cDNA microarray [8]. In
the present study we show information obtained from
hybridizing Arabidopsis cDNA microarrays with cDNA
probes of B. napus.
Microarray data and temporal patterns of differential gene
expression
To distinguish gene expression associated with seed
germination from expression associated with seed imbibi-
tion, we used an Arabidopsis cDNA microarray to compare
transcription in imbibed seeds that were allowed to
germinate with that of seeds at the same stage in which
progress from imbibition to germination was blocked by one
of the two treatments described above. Our results therefore
are a representation of relative expression between germi-
nating and nongerminating seeds and allow us to define
genes that are preferentially expressed in the two conditions.
Samples were taken at various time points (6, 12, 24, 36,
and 48 h) following initial imbibition of dry seeds in all
three treatments. The experiments were repeated twice for
all time points. Genes/clones with a ratio of treatment/
control more than 2.5 or less than 0.4 at at least one time
point were selected for further analysis.
The genes expressed differentially after PEG or PBI429
treatment have various temporal expression patterns andexamples are shown in Figs. 2A, 2C, and 2E (PEG) and
Figs. 2B, 2D, and 2F (PBI429). Some genes were similarly
induced by both PEG (Fig. 2A) and PBI429 (Fig. 2B), with
expression generally increasing with time in nongerminating
seeds relative to germinating seeds. Genes in this category
included homologs of RAB18 (homolog to At5g66400),
12S seed storage protein (homolog to At4g28520), oleosin
(homolog to At5g40420 and At4g25140), and late embryo-
genesis abundant (LEA; homolog to At3g22500) genes.
This result is consistent with those of previous reports
[17,21] and indicates that genes associated with late seed
development are reinduced in nongerminating seeds.
On the other hand, some genes were repressed relative
to germination by both PEG (Fig. 2C) and PBI429
treatment (Fig. 2D). This group contains gibberellin-
regulated protein 4 (GASA4; homolog to At5g15230),
carbohydrate metabolism genes such as NAD-dependent
epimerase/dehydratase (homolog to At5g28840) and a
putative h-glucosidase (homolog to At1g66280), genes of
lipid metabolism such as a putative phosphatidylserine
synthase (homolog to At1g15110), and respiration and
glycolytic genes such as phosphoenolpyruvate carboxyki-
nase [ATP]/phosphoenolpyruvate carboxylase (PEPCK)
(homolog to At4g37870), glyceraldehyde-3-phosphate
dehydrogenase (homolog to At1g13440), chloroplast/
NADP-dependent glyceraldehyde phosphate dehydrogen-
ase subunit A (homolog to At3g26650), and glycolate
oxidase (homolog to At3g14415). In addition, there were
a number of transcription factors, such as zinc finger
(C3HC4-type RING finger) family protein (homolog to
At2g39720), MYB family transcription factor-like (homo-
log to At5g06100), and putative homeobox transcription
factor (homolog to At5g44180), included in this group.
Therefore this group contains a high proportion of genes
involved in primary metabolism, indicating that many
pathways of primary metabolism are expressed at lower
levels in nongerminating seeds than in germinating seeds.
It also contains genes associated with signaling, some of
them GA-associated, such as GASA4, that are preferen-
tially expressed in germination.
In addition, some gene expression patterns are different
between PEG (Fig. 2E) and PBI429 treatment (Fig. 2F). An
example is putative h-11-hydroxysteroid dehydrogenase-
like (homologous to At5g50700), which is a member of the
short-chain dehydrogenase/reductase protein family and
exhibits higher relative expression in PEG treatment than
in PBI429 up to 36 h after imbibition (Fig. 2).
Northern blots confirm microarray data
To confirm the reliability of data from microarrays, 22
genes identified as differentially expressed were validated
by RNA gel analysis. The probes used were obtained by
PCR from the Arabidopsis genome and hybridized to total
B. napus RNA to detect the mRNA level of each
homologous gene. Fig. 3 shows some representative North-
Fig. 2. Gene expression patterns in imbibed seeds following PBI429 or PEG treatment. Microarray expression ratios of PEG vs control (A, C, and E).
Microarray expression ratios of PBI429 vs control (B, D, and F).
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At1g50010 are examples of upregulated genes and down-
regulated genes, respectively, and the gene homologous to
At5g50700 has a different expression pattern in PEG and
PBI429 treatment. Results from 21 of the Northern blots
correlated well with microarray data. However, one gene
showed induction by both PEG and PBI429 in microarray
data, but no evidence of induction was evident on the RNA
gel (data not shown). As noted above, this anomaly may
have been a consequence of the greater gene redundancy in
Brassica relative to Arabidopsis. In this case, the specificity
of the Northern probe may have been different than that of
the array probe and detected a noninducible gene family
member.Fig. 3. RNA gel analysis of genes homologous toIn addition to the Northern analyses described above, RT-
PCR was used to confirm expression patterns for 5 genes
and real-time PCR for a further 11 (data not shown).
PBI429- and PEG-inducible genes during seed germination
Genes with expression ratios (treatment/control) greater
than 2.5-fold at at least one time-course point were selected
for analysis here. There were 72 and 88 genes (Supple-
mentary Tables S1 and S2) that were induced by PBI429
and PEG, respectively. Among these, 40 genes (Supple-
mentary Table S3) were common to both PEG and PBI429
treatment. These genes are associated with many biological
processes although not stress responses or seed developmentAt5g66400, At1g50010, and At5g50700.
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accumulation like oleosins (homolog to At5g40420 and
At4g25140) and in carbohydrate metabolism such as
putative glucose 6-phosphate (homolog to At1g09420)
and haloacid dehalogenase-like hydrolase family protein
(homolog to At5g53850). The induction of RAB18 and
other ABA and stress-inducible genes by PEG might be a
response to water stress caused by PEG treatment. In
addition, transcription factors like the AP2 domain contain-
ing protein RAP2.3 and Myb transcription factor WERE-
WOLF (WER) were included in this group. The preferential
expression of LEAs and other seed development protein
genes in PEG- and PBI429-treated seeds reflects a
continuation of expression typical of seed development
when germination is blocked and probably helps to maintain
embryo viability during repeated cycles of drying of
dormant seeds [21]. The result is consistent with that of
Rajjou et al. [12]. They used a-amanitin (a transcriptional
inhibitor targeting RNA polymerase II) to inhibit Arabi-
dopsis seed germination, and they also found that many
proteins normally synthesized during seed development
were induced in amanitin-treated seeds.
PBI429- and PEG-repressible genes
There were 56 and 109 PBI429- and PEG-repressible
genes (Supplementary Tables S4 and S5), respectively, for
which expression ratios (treatment/control) were less than
0.4-fold at at least one time point. There were 36 genes
(Supplementary Table S6) common to both treatments.
These genes are preferentially associated with seed germi-
nation. Since seed germination requires rapid water uptake
and embryo cell expansion [22], it is likely that inhibition of
seed germination involves blocking the cell wall loosening
process that would otherwise be required for cell expansion
[18,23]. Consistent with this, genes that are associated with
controlling cell wall strength, such as putative pectinacety-
lesterase (homolog to At4g19410), were strongly repressed,Table 1
Brassica napus genes involved in TAG metabolism that were downregulated in n
Gene Homolog to
Arabidopsis gene
Ratio (germinati
6 h (SD)
Glyoxylate cycle
Isocitrate lyase At3g21720 –0.9 (0.1)
Malate oxidoreductase At4g00570 –2.4 (0.5)
h-Oxidation
3-Ketoacyl-CoA thiolase At2g47510 –1.1 (0.1)
Multifunctional protein 2 At3g06860 –0.9
Gluconeogenesis
Fumarate hydratase At2g47510 –1.2 (0.2)
Malate oxidoreductase At4g00570 –2.4 (0.5)
Phosphoenolpyruvate
Carboxylase
At4g37870 –1.4 (0.2)
Succinate dehydrogenase
(ubiquinone)
flavoprotein subunit
At5g66760 –0.8 (0.1)and putative xyloglucan endotransglycosylases (homolog to
At1g65310 and At4g30280), which may cleave the back-
bone of cell wall matrix polysaccharides [24], were also
downregulated. GASA4 (homolog to At5g15230) and S-
adenosylmethionine synthase 2 (homolog to At4g01850),
which are known to play an important role in seed
germination [25], were also repressed.
Behavior of genes involved in triacylglycerol breakdown
Triacylglycerol (TAG) is the major storage reserve in oil
seeds, and h-oxidation, the glyoxylate cycle, and gluconeo-
genesis are essential pathways for TAG breakdown into
soluble molecules during seed germination and early
postgerminative growth [23]. The microarray contained
several probes for genes related to TAG breakdown that are
listed in Table 1. Expression of these genes was consistently,
but modestly, repressed in both nongerminating PEG-treated
and nongerminating PBI429-treated B. napus seeds. Table 1
shows the results produced by PEG treatment, and similar
effects were produced by PBI429 treatment (data not
shown). Analysis of expression by QRT-PCR confirmed
that the expression of isocitrate lyase (ICL; homolog to
At3g21720) was repressed by both PEG and PBI429
treatment (Fig. 4A). A probe for malate synthase (MS;
homolog to Ag5g03860), a key enzyme in TAG breakdown,
was not included on the array. QRT-PCR analysis (Fig. 4B)
showed a decrease in MS mRNA level under PEG
treatment, and it is also reduced after 12 h treatment of
PBI429. In Arabidopsis, the gene expression and enzyme
activities for acyl-CoA oxidase (ACX3)- and 3-ketoacyl-
CoA thiolase-mediated steps of h-oxidation, the ICL and
MS steps of the glyoxylate cycle, and the PEPCK step of
gluconeogenesis increase to a peak at 48 h after the onset of
seed germination [26]. ICL was strongly induced before and
during radicle emergence and early seedling establishment
[27]. The expression of PEPCK reflects a requirement for
gluconeogenesis during early postgerminative growth [28].ongerminating PEG-treated seeds
ng seeds/imbibed seeds)
12 h (SD) 24 h (SD) 36 h (SD) 48 h (SD)
–0.8 (0.1) –2.5 (0.2) –2.3 (0.1) –3.9 (1.0)
–1.5 (0.2) –1.9 (0.3) –1.2 (0.1) –1.1 (0.1)
–1.3 (0.1) –1.5 (0.2) –1.6 (0.3) –1.5 (0.1)
–1.4 (0.1) –1.2 –2.2 (0.1) –3.0 (1.0)
–1.3 (0.1) –2.0 (0.1) –2.6 (0.2) –2.6 (0.2)
–1.5 (0.2) –1.9 (0.3) –1.2 (0.1) –1.1 (0.1)
–1.5 (0.4) –1.7 (0.2) –2.7 (0.5) –2.9 (0.1)
–1.0 (0.1) –1.2 (0.2) –1.7 (0.2) –2.2 (0.1)
Fig. 4. The expression of malate synthetase and isocitrate lyase genes.
Histograms show microarray ratios of treatment/control at time points
following imbibition of B. napus seeds. (A) Isocitrate lyase. (B) Malate
synthetase.
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and MS genes in nongerminating ABA-treated Arabidopsis
seeds [23]. In addition, it has been shown that exogenous
ABA treatment results in reduced ICL activity following
imbibition in B. rapa [29]. These findings indicate that TAG
metabolism plays an important role following seed imbibi-
tion and that, as in Arabidopsis [23], storage reserve
mobilization occurs in nongerminating seeds, albeit at lower
levels than in germinating seeds.
Influence of PEG and PBI429 treatment on the expression of
genes encoding transcription factors
The microarray data revealed two transcription factors
inducible by both PEG and PBI429. The first is WER
(homolog to At5g14750); this gene is a MYB-related
protein and has been shown to function in epidermal cell
fate determination. Loss-of-function mutations produce
extra root hairs [30]. The second is an AP2 domain-
containing protein, RAP2.3 (homolog to At3g16770) [31],
which was reported to be induced by ethylene and the
incompatible fungal pathogen Alternaria brassicicola [31].
The preferential expression of RAP2.3 in nongerminating
seeds is somewhat surprising in view of the well-knowneffect of ethylene in promoting germination [2]. On the
other hand, a MYB family transcription factor (MYB33,
homolog to At5g06100) and a putative homeobox tran-
scription factor (homolog to At5g44180) were repressed by
PEG and PBI429 treatment. Further studies are required to
determine what roles these transcription factors play in seed
germination.
The transcription factors LEAFY COTYLEDON1
(LEC1), FUSCA3 (FUS3), ABA INSENSITIVE 3 (ABI3),
ABA INSENSITIVE 5 (ABI5), and PICKLE (PKL) are key
regulators of seed germination and development. However,
probes for theses genes are not present on the microarray, so,
in view of their developmental importance, we analyzed their
expression separately by quantitative real-time PCR (Fig.
5A) and conventional RT-PCR (Fig. 5B).
The basic leucine zipper transcription factor ABI5 is a
component of ABA signaling and of response to stresses,
activates several late embryogenesis-abundant genes [32],
and enhances embryo dormancy [27]. Expression of this
gene was consistently upregulated by both PEG and PBI429
relative to germinating seeds (Fig. 5A, a). The effect was
more pronounced in PEG than in PBI429, which may reflect
the fact that the latter is leaky in its inhibition of germination
(Fig. 1).
The B3 domain transcription factor ABI3 mediates
ABA signaling and probably acts upstream of ABI5 [33].
It is a regulator of seed maturation because it is necessary
for both the accumulation of storage proteins and the
acquisition of desiccation tolerance [32]. Relative to
germination, ABI3 expression was significantly reduced
by PEG before 24 h but very strongly induced after 24 h
treatment, at which point germination was 80%+ complete
in the untreated control sample (Fig. 1). The effect of
PBI429 treatment was to produce a slight increase in
relative expression before germination and a substantial
increase afterward (Fig. 5A, b). Therefore, both treatments
produced relatively higher expression after germination of
the control seeds, but the effects were opposite prior to
germination. The B3 domain transcription factor FUS3 is
another key regulator of embryo development [34] but,
unlike ABI3, it is repressed by both treatments after
control seed germination (with a stronger effect of PEG).
However, the treatments again produced opposite effects
prior to germination (Fig. 5A, c). PEG produced down-
regulation and PBI429 upregulation relative to germinating
seeds. The expression of LEC1, which plays key roles in
controlling embryo development [35], was not affected by
either PEG or PBI429 treatment (Fig. 5A, d).
PKL encodes a CHD3-chromatin-remodeling factor that
prevents expression of the embryonic developmental state
during Arabidopsis germination and is probably induced by
GA [36]. As monitored by conventional RT-PCR, expres-
sion was consistently reduced in nongerminating seeds (Fig.
5B). In Arabidopsis, PKL represses expression of LEC1 and
FUS3 [37]. However, as noted above, there does not appear
to be a consistent decrease in expression of LEC1 and
Fig. 5. The expression of transcription factor genes. (A) Histograms show microarray ratios for treatment/control at time points following seed imbibition. (a)
ABI5. (b) ABI3. (c) FUS3. (d) LEC1. (B) PICKLE gene transcription measured by RT-PCR following imbibition of B. napus seed under germinating (control)
conditions and treatment with PEG or PBI429.
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Antioxidants
The functions of superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx), and ascorbate perox-
idase (APx) are to remove reactive oxygen species (ROS) in
plant cells and therefore protect plants from the damage
caused by ROS. In plants, APx and CAT are predominant in
the detoxification of H2O2, while GPx serves additional
important roles in the removal of lipid and alkyl peroxides
[38]. Four microarray probes corresponding to APx
(homologous to At1g07890) showed moderate repression;
however, RT-PCR analysis indicated this gene was strongly
repressed by PEG and PBI429 treatment (Fig. 6A). One
clone corresponding to GPx (homologous to At2g43350)
was modestly repressed after 24 h of treatment on the array
and RT-PCR showed a similar result (Fig. 6B). RT-PCR
results for GPx were also consistent with microarray data in
showing a decrease in nongerminating seeds. SOD (homol-
ogous to At4g25100) was also reduced on the array. In
contrast to APx, GPx, and SOD, both microarray and RT-PCR analyses of CAT3 (homolog of At1g20620) show no
change or a slight increase after 12 h treatment with PEG or
PBI429 (Fig. 6C). CAT and APx activities increase during
wheat seed germination [39], but CAT activity increased
markedly and APx and SOD decreased under drying
tolerance during bean seed development. The loss of SOD
activity might lead to an accumulation of superoxide anion,
whereas the loss of APx activity might be compensated for
by the increase in CAT activity that also scavenges hydrogen
peroxide [40]. In addition, the expression of antioxidant
peroxiredoxin type 2 (homolog to At1g65970) that is
mediated by transcription factor ABI3 [41] was increased
slightly in nongerminating seeds on the microarray. In
Arabidopsis, the peroxiredoxin gene (At1g48130) has
previously been reported to increase during seed maturation
and decrease during Arabidopsis seed germination [42] and
is also expressed at higher levels in osmoprimed (non-
germinating) B. oleracea seeds than in germinating seeds
[17]. These antioxidants are associated with different
subcellular compartments; CAT is expressed in mitochon-
dria and peroxisomes, APx in cytosol, and SOD in
mitochondria, cytosol, plastids, and peroxisomes [40]. Thus,
treatments might affect these compartments differently.
Fig. 7. IAA concentrations in germinating and nongerminating seeds.
Fig. 6. The expression of antioxidant genes during B. napus seed germination under PEG or PBI429 treatment and corresponding control. (A) Ascorbate
peroxidase. (B) Glutathione peroxidase. (C) Catalase. Each upper band is PEG treatment or its control; each lower band is PBI429 treatment or its control in A,
B, and C.
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PBI429 treatment
Phytohormones are required for many developmental
processes. The microarray data indicated that two genes
encoding CYP79B2 (homolog to At4g39950) and CYP79B3
(homolog to At2g22330) were moderately repressed after
24 h treatment with both PEG and PBI429. Both genes
catalyze indole-3-acetic acid (IAA) formation through
indole-3-acetaldoxime and were induced by exogenous
GA4 during Arabidopsis seed germination [43]. We
measured the IAA concentration during B. napus seed
germination by HPLC–mass spectrometry, which con-
firmed that IAA contents of nongerminating seeds were
about two times lower than in germinating seeds after
radicle emergence (Fig. 7). IAA might regulate cell division
and elongation in shoot and root growth during early
postgerminative growth of B. napus.
It has long been known that ABA and gibberellins play
antagonistic roles in regulating seed germination and
dormancy [44]. ABA establishes dormancy during embryo
maturation, and GAs promote germination [3,23]. No clones
corresponding to genes involved in ABA or GA biosyn-
thesis were included on the array, but as noted above, a
number of ABA-responsive genes showed modest induction
by both PEG and PBI429 and, in contrast, one clone
corresponding to GASA4 was modestly reduced by both
PBI429 and PEG. We measured ABA and GA metabolite
profiles in nongerminating seeds to see if there was
evidence for changes in hormone metabolism consistent
with the changes in gene expression noted above. Although
analyses of GA levels were insufficiently sensitive to
provide reliable results, the endogenous level of ABA washigher in PBI429-treated samples than in the controls
(except at the 6-h time point), and the ABA catabolite
DPA remained relatively high in PBI429 treatment through-
out the 48-h period (30–40 ng/g dry wt), while it sharply
declined to low levels after a peak at the 6-h time point in
Fig. 8. ABA and ABA metabolites in germinating and nongerminating seeds. (A) PBI429 treatment (a) and corresponding control (b). (B) PEG treatment (a)
and corresponding control (b). Abbreviations: ABA-GE, ABA-glucose ester; DPA, dihydrophaseic acid; 7V-OH-ABA, 7V-hydroxy ABA.
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metabolites, PA and 7V-OH-ABA, were not clearly different
between treatment and control samples (Fig. 8A). This result
shows enhanced ABA accumulation at all time points after 6
h in the nongerminating seeds and suggests increased ABA
catabolism via 8V-hydroxylation leading to accumulation of
DPA.
In PEG-treated samples, there were no significant
differences in contents of ABA, ABA-GE, 7V-OH-ABA,
and PA in nongerminating seeds compared with those of
germinating seeds. There was a peak in DPA at 12 h in
nongerminating seeds, while in germinating seeds there was
a corresponding peak at 6 h (Fig. 8B). The result suggested
that PEG-mediated inhibition of B. napus seed germination
was not the result of accumulation of endogenous ABA or
its metabolites. An analogous observation was made by
comparing B. napus seeds with high and low secondary
seed dormancy potential, by which it was also found that
endogenous ABA level remained unchanged over a 4-week
PEG treatment [45].Discussion
Both germination and dormancy of seeds are complex
physiological processes that are limiting factors for plantgrowth and crop production. To identify gene expression
that was specific to germination, we compared seeds that
germinated normally to seeds in which germination was
blocked. This allowed us to identify genes that were
associated with imbibition of dry seeds (which would
presumably occur in all treatments) and by comparison to
identify genes associated primarily with germination and
genes expressed primarily in nongerminating seeds. Inhib-
ition of seed germination was accomplished either by
treatment with PEG, a substance that is frequently used to
impose water stress upon plants, or by application of
PBI429, a chemical analog of ABA that has previously
been shown to exhibit ABA-like hyperactivity (e.g., [10]).
PEG is generally used to impose water stress on plants,
but can also provoke other adverse effects [46]. PEG
markedly induced the expression of pyruvate orthophos-
phate dikinase and ospdr9, which encodes a PDR-type
ABC transporter in rice roots, and toxic and hypoxic PEG
effects were more important than osmotic PEG effects in
the response of ospdr9 [46]. In seeds of B. napus imbibed
in PEG (15 bar) solution, the water content rose to 33%,
whereas seeds of control (nonrestricting germination
conditions) reached a moisture content of 40% before
they started to germinate visibly [47]. Thus, PEG
inhibition of seed germination did not arise solely from
water stress.
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expressed at higher levels in germinating seeds. However,
expression was significant in the nongerminating seeds,
confirming that they also require reserve mobilization to
support metabolic processes. ROS are generated at all
stages of seed development and have the potential to cause
cellular damage, but are also involved in cellular signaling
processes and play a key role in germination [48].
Detoxifying enzymes and antioxidant compounds are
essential to prevent loss of viability without impairing
the signaling functions of ROS. RT-PCR analyses con-
firmed that the absolute levels of transcripts corresponding
to APx and GPx were lower than in germinating seeds but
that they varied, peaking at various time points. However,
catalase expression was similar in most stages of all
treatments. The APx and GPx data suggest generally
higher transcription in germinating seeds, possibly reflect-
ing a higher requirement for hydrogen peroxide detox-
ification, while the relatively higher expression of
peroxiredoxin in nongerminating seeds may reflect the
persistence of an embryonic pattern of gene expression in
nongerminating seeds. In both of these metabolic pro-
cesses, the difference between germinating and nongermi-
nating seeds was a difference in degree of gene expression
rather than in the presence or absence of relevant
pathways.
In terms of regulatory and signaling processes, the
transcription factor ABI5 was consistently upregulated by
both treatments and PKL was downregulated. These results
are consistent with the greater importance of ABA signal-
ing and reduced importance of GA signaling in non-
germinating seeds. In Arabidopsis, LEC1 and FUS3 play
key roles in controlling embryo development and are
repressed by GA via PKL during germination, whereas
ABI3 is a component of ABA signaling. However, no
consistent pattern that corresponded to these hormonal
relationships was apparent in the LEC1, FUS3, and ABI3
data. The strong induction of genes encoding seed storage
proteins such as 12S globulins, oleosins, and LEA proteins
in nongerminating seeds of B. napus may be related to
reduced PKL expression, but its effect does not appear to
be mediated by changes in relative expression of LEC1 or
FUS3. The preferential expression of WEREWOLF and
RAP2.3 in nongerminating seeds was unexpected and
suggests that these genes have additional seed-related
functions that need to be explored in future experiments.
Our results also support a role for auxin in germination or
postgermination growth. Both auxin levels and the
expression of key auxin biosynthesis genes are higher in
germinating seeds. In a previous study of B. oleracea
germination, many of the genes that were preferentially
associated with germination were involved with wounding
or pathogen responses [17]. We observed a similar pattern
in our experiments.
There are significant differences in the effects of PBI429
and PEG as revealed by Venn analysis (data not shown) andin addition, the transcription factors ABI3 and FUS3 were
affected differently by the treatments. At least some of these
differences may be attributed to greater effects on ABA
metabolism and signaling in the PBI429 sample. There is
clearly an induction of endogenous ABA metabolism in the
seeds treated with PBI429, which is manifested in increased
ABA levels and the accumulation of the catabolite DPA.
PEG does not produce a consistent effect on ABA
metabolism.
The differences between germinating seeds and seeds in
which germination is blocked are mainly ones of degree and
it is clear that nongerminating seeds are also metabolically
active. In future studies, we will investigate the longer term
fate of nongerminating seed, including analyses of the
dormant state.Materials and methods
Plant material and RNA isolation
Seeds of B. napus (DH12075) were imbibed with PEG-
8000 solution (1.5 Pa) or the ABA analog PBI429 added
from a methanolic stock to give a final concentration of 250
AM. Control seeds for the PEG treatment were soaked in
water, and control seeds for the PBI429 treatment were
soaked in water containing the same concentration of
methanol as in treatments.
Seeds were placed in petri dishes containing two layers
of Whatman filter paper moistened with 4 ml of PEG or
PBI429 solution in sterilized water. The petri dishes were
wrapped in foil and incubated in the dark at 23-C for
various periods (6, 12, 24, 36, and 48 h) and then quickly
washed and frozen in liquid nitrogen for total RNA
isolations.
Fluorescent labeling of probe and purification
Each total RNA sample was converted to cDNA and
labeled using the Cyscribe Post-Labeling kit (Amersham
Bioscience, RPN5660) following the manufacturer_s
instructions. The CySribe GFX Purification kit (Amersham
Bioscience, RPN5660X) was used to purify the fluorescent
dye-labeled cDNA probe by removing free nucleotides and
unincorporated CyDye molecules.
Hybridization and washing
Arabidopsis 12K cDNA microarrays (average length
approximately 300 bases) were obtained from the Keck
Foundation Biotechnology Resource Laboratory at Yale
University School of Medicine. Before prehybridization
each spotted slide was denatured in prehybridization
buffer (50% formamide, 3.2 SSPE, 0.4% SDS, 2
Denhardt_s, and 0.177 mg/ml salmon sperm DNA) at
76-C for 2 min. The slides were subsequently placed in
F. Li et al. / Genomics 86 (2005) 718–730728the hybridization chamber (GeneMachines) for prehybrid-
ization at 50-C for 60 min. After slide prehybridization,
the prehybridization buffer was rinsed off by placing the
slide in a 50-ml tube for 2 min, first in H2O, then in 70%
ethanol, and then in 100% ethanol. The slide was then air
dried.
Probe/hybridization buffer (62.8% formamide, 0.8%
SDS, 4 Denhardt_s, 5 SSPE) was denatured at 95-C
for 3 min. Then probe solution was placed over the treated
slide. A coverslip (Sigma) was applied to the slide and
hybridization was performed overnight in a water bath at
42-C. After hybridization, each slide was washed with 200
ml 2 SSC/0.1% SDS once at 42-C for 4 min, once with
0.2 SSC/0.1%SDS for 4 min at room temperature, and
then two times with 0.2 SSC at room temperature for 2.5
min each. Slides were placed in a 50-ml tube and spun in a
swinging bucket rotor centrifuge for 5 min at 1000 rpm to
dry.
Data analysis and quantification
Hybridized slides were scanned sequentially for Cy3-
and Cy5-labeled probes with a ScanArray 4000 laser
scanner at a resolution of 10 Am. The image analysis and
signal quantification were done with Quantarray (GSI
Lumonics, Oxnard, CA, USA). Clones showing a signal
value <800 in both Cy3 and Cy5 channels were
eliminated from the analysis. The average of the resulting
total Cy5 and Cy3 signals were used to calculate the
ratios that were used for normalization. Data storage,
preliminary data processing, and Lowess normalization
were performed with the Bioarray Software Environment
(BASE) [49]. Background-subtracted clone signals were
used to calculate Cy5/Cy3 ratios. Further analysis such as
data visualization was performed with GeneSpring (Sili-
con Genetics). Genes/clones with a ratio of treatment/
control more than 2.5 or less than 0.4 at at least one time
point were selected. The experiments were repeated twice
for all time points.
Northern blot analysis
RNA was isolated using the RNeasy Midi Kit (Qiagen,
Inc., Canada) from each sample. Total RNA (15 Ag) was
separated on denaturing formaldehyde agarose gels. The
probes used for Northern blot were labeled with digoxige-
nin-11–dUTP alkali-labile by PCR [50] and hybridized to
the blots using standard techniques. Arabidopsis genomic
DNA was used as templates for PCR.
cDNA libraries and sequencing
The B. napus cDNA libraries were created from RNA
isolated from different time points of germinating seeds or
nongerminating seeds. cDNA libraries were constructed
using the Creator SMART cDNA Library Construction Kit(Clontech Laboratories, Inc.). ESTs were generated by 5V-
end sequencing.
RT-PCR analyses
Total RNA (2.5 Ag) from each sample, treated with
RNase-free DNase (Promega, Madison, WI, USA), was
used for reverse transcriptase reactions. First-strand cDNA
was synthesized with random hexamers using a SuperScript
first-strand synthesis system according to the manufac-
turer_s instructions (Invitrogen Life Technologies, Burling-
ton, ON, Canada), and QuantumRNA 18S internal standards
(Ambion, Inc., Austin, TX, USA) were used as a control for
RT-PCR experiments. One microliter of reverse transcrip-
tion reaction mixture was used as a template in a 20-Al PCR.
The primers were designed from B. napus ESTs corre-
sponding to homologous Arabidopsis genes. The gene-
specific PCR primers were 5V-AGGAGGTCGCAGTGGAT-
GATGA-3V and 5V-ATGGCCTTCTACCCGTCTGATTT-3V
for the PLK gene, 5V-CATCGACGGTGGAACAATCATC-
3V and 5V-GCATCCCCAAACAATCCTCCTT-3V for gluta-
thione peroxidase, 5V-AGCCCCAGCCACCTCCAGA-3V
and 5V-GGCCTCAGCGTAATCAGCAAAAA-3V for ascor-
bate peroxidase, and 5V-TGAAGCCGAACCCGAAAA-
CAAA-3V and 5V-ACATCAAGCGGGTCGAAGTCAAAC-
3V for catalase. The amplification conditions were 94-C
(30 s), 56-C (30 s), and 72-C (30 s) and the number of
cycles varied from 20 to 35 for different genes. Each RT-
PCR was repeated twice.
Real-time PCR
Primers of real-time PCR were designed from B. napus
ESTs corresponding to homologous Arabidopsis genes with
the program Primer 3. Gene-specific primers were 5V-
CCGAATGATACTCCCCAAGA-3V and 5V-GGTCCA-
AACGTGAAGACCAT-3V for FUS3, 5V-AAATCTTA-
CCGCCACACG-3V and 5VTCTTCAGCAGTTATTGTQ
CTTACG-3V for LEC1, 5V-GGAACCTCTCGTGTTTG-
GAA-3V and 5V-GGAGCCCATTTGTTTTCACA-3V for
ABI3, 5V-TGGGCAAGTGGATAACATAGG-3V and 5V-
GCAGCAGACTCACGGTTCTT-3V for ABI5, 5V-TT-
GTTTGGGAGAGTTGTGGA-3V and 5V-AGAGCCTT-
GACGCATTGATT-3V for malate synthetase, and 5V-
TACTCACACCTCCACGAACG-3V and 5V-GCCTCC-
CTCTGCTTTCTGTC-3V for isocitrate lyase. The real-time
PCRs were performed in the Mx3000 P Real-Time PCR
System (Stratagene, La Jolla, CA, USA) and carried out in
96-well reaction plates. PCRs consisted of 1 Platinum
SYBR Green q PCR SuperMix-UDG (Life Technologies–
Invitrogen), gene-specific primers at optimal concentration,
reference dye ROX, first-strand cDNA from reverse tran-
scription, and water to a 25-Al final volume. The cycling
parameters used were 1 cycle at 95-C for 10 min and 40
cycles of 95-C for 30 s, 55-C for 1 min, and 72-C for 30 s.
All reactions were run in triplicate.
F. Li et al. / Genomics 86 (2005) 718–730 729HPLC–mass spectrometry analyses
High-performance liquid chromatography was performed
using a Waters 2695 separation module (Waters, Milford,
MA, USA). The extraction and purification of hormone and
metabolites, HPLC conditions, addition of internal stand-
ards, mass spectrometry, and quantification of endogenous
levels of compounds were performed as described by
Chiwocha et al. [15]. Each experiment was performed in
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